Dielectric constant, ε', dielectric loss factor, ε", electric modulus, M, and ac conductivity, σ ac , of pure CPVC and that stabilized with 10 wt% of phenyl maleimide, PM, have been carried out. The dielectric properties have been studied in the temperature and frequency ranges; 310 K -450 K and 1 kHz-4 MHz, respectively. The incorporation of 10 wt% of PM as stabilizer for CPVC leads to reduce its Tg from 405K to 378K at 10 kHz. PM molecules within CPVC structure reduce the double bond, stabilizer effect, and cause the widely spacing between CPVC main chains, plasticizer effect. Three dielectric relaxation processes namely ρ, α', and α were observed for pure CPVC. The first process was explained based on space charge formation or Maxwell-Wagner-Sillers, MWS, polarization. The second one is due to the segmental motion of the branching of CPVC. The third process occurs around the glass-rubber temperature, Tg, and is related to the micro-Brownian motion of the main polymer chain. Electric modulus and ac conductivity reveal that the conduction mechanism of CPVC is follow the correlated barrier hopping, CBH, while stabilized sample exhibits a quantum mechanical tunneling, QMT, type conduction.
Introduction
Chlorinated polyvinyl chloride, CPVC, is produced by post-chlorination of polyvinyl chloride, PVC. CPVC has high heat distortion temperature, chemical inertness, and outstanding mechanical. It has good flame retardant and smoke density properties [1] [2] [3] [4] [5] . Chlorination of PVC enhances the mechanical properties of the resulting polymer. Chlorination of PVC increases the glass rubber transition temperature, Tg, [4] from 80˚C to 90˚C and makes the materials suitable for use in high temperature applications [6] . Both PVC and CPVC can not be processed without the addition of stabilizer and plasticizer. Commercial CPVC stabilizers are usually either basic lead salt [7, 8] , which can trap the evolved HCl gas, thus delaying the polymer degradation or metallic soap esters [9] . The stabilizing action occurs through displacement of the labile chlorine atoms on the polymer chains by the ester from the decomposed stabilizer. Recently, it was reported that the incorporation of organic materials like N-phenyl maleimides as a stabilizers for PVC and CPVC [10, 11] . Organic stabilizers have the advantage of being metal free and environmentally acceptable. N-phenyl maleimides are known have high thermal stability [9, 10] . These stabilizers trap the radical species in the degradation process by blocking the newly formed radical sites on the polymeric chains and absorption of liberated HCl gas.
Dielectric relaxation spectroscopy, DRS, of polymers provides information about the orientation and translational adjustment of mobile charge present in the dielectric medium. The energy transferred to the dielectric material is a function not only of the applied electric field but also depends on the physical properties of the material. The dependence of contributions of different components of dielectric polarization, such as electric, ionic, and orientational polarization on the frequency of the applied electric field, is responsible for the change in the value of the dielectric constant. The relative permittivity, ε*(ω), of a dielectric as a function of the frequency is given by [12] : ( ) ( ) depend upon the specific features of molecular main chain motion within the polymer. Real dielectric polymers are commonly described by a spectrum of relaxation times. The relaxation spectra appear due to presence of long polymeric chain and specific inter-molecular interactions. The simplest form of ε'(ω) and ε''(ω) for the relaxation process that characterized by a single relaxation time (τ) is given by [12] :
where Δε = ε'(o) -ε'(∞) is the dielectric strength, ε'(o), and ε'(∞) are the relaxed and unrelaxed dielectric constant, respectively. Different experimental techniques, including differential scanning calorimetry, DSC, dynamic mechanical thermal analysis, DMTA, and dielectric relaxation spectroscopy, DRS, are used for the determination of glass rubber transition, Tg of the polymeric materials [13] . In this work the temperature and frequency dependence of ε" is used to determine Tg of the investigated samples, where the α-relaxation process is accompanied with the Tg of the polymeric material. Also, we investigate the effect of an additive phenyl maleimide to improve the performance of CPVC. Also, the dielectric properties, electric modulus, and ac conductivity of pure CPVC and that stabilized with 10 wt% of PM were investigated to shed light on their molecular relaxation and conduction mechanism.
Experimental
CPVC used in the present work was supplied by Weihai Jinhong Chemicals Ltd. with chlorine content 69% and density 1.4 g/cm 3 . Phenyl maleimide was prepared by the method described by Searle [10, 14] . CPVC film stabilized with 10 wt% of PM was prepared by casting as follows: CPVC was dissolved in tetrahydrofuran (THF, Aldrich) at 50˚C for 30 min with continuous stirring. A 10 wt% of PM was also dissolved in THF at 50˚C and added to CPVC solution. The mixture was left 8 h, with continuous stirring, to reach a suitable viscosity. The solution of the mixture was cast into a Petri dish placed on a leveled plate at 30˚C for 10 days until the solvent was completely evaporated. The obtained film of 0.1 mm thickness was cut into square pieces and then coated with silver paste to achieve ohmic contacts.
The dielectric measurements were carried out with a Hioko 3532 RLC bridge (Nagano, Japan) in the frequency and temperature ranges of 50 kHz to 1 MHz and 300 -450 K, respectively. The dielectric constant, dielectric loss index, and alternating current conductivity, σ ac , were calculated by [5] :
where C is the capacitance of the sample-filled capacitor, d is the sample thickness, ε o is the permittivity of the free space, l is the electrode area, and ω is the angular frequency. The temperature of the sample was measured with a T-type thermocouple. The measurement accuracy for the temperature was about ±1 "K".
Results and Discussion

Dielectric Formalism
The frequency dependence of ε' for pure CPVC and that decrease with increasing the frequency due to decreasing number of dipoles which contribute to polarization. At very low frequency (ω 1 τ ), where τ is the relaxation time, the dipoles can follow the field and ε' ≈ ε o . As the frequency increases (ω < 1 ), the dipoles begin to lag the field and ε' slightly decreases. When the frequency reaches a characteristic value (ω = τ 1 ), the dielectric constant exhibits relaxation process [15] . The dielectric constant of the stabilized CPVC sample increases slightly compared to that of pure one. This can be discussed as follows: the stabilized molecules are compatible with CPVC and are distributed inter-structurally within the free volume of the non dense globular areas of CPVC [5, 16] . This will increase the segmental mobility of the non array macromolecules and passage chains [17] . In addition, with the increase of temperature the thermo-mechanical motion of PM molecules become significance and cooperative nature. Also, PM molecules can form channel cluster in the polymeric glassy state [18, 19] . These clusters have many polar groups (C=O and phenyl groups) and began to move at high temperature in cooperation with C-Cl dipolar groups of CPVC. This will increase ε' of the stabilized CPVC sample. wt% of PM at some fixed temperatures. From Figure 2 (a), ε'' of pure CPVC undergoes three relaxation processes namely, ρ-, α'-, and α-peaks. The first is located at 10 kHz. It originates from the motion of space charges that are accumulated on the polymeric sample close to electrode [20] . The nature of ρ-relaxation process for crystalline regions is due to the chain trapping of interfaces or Maxwell-Wagner-Sillers, MWS, polarization [21] . 
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However, in the amorphous phases, ρ-process is related to conductive impurities, injected space change and electrode polarizations. In semi-crystalline polymer such as PVC and CPVC, chain trapping or MWS polarization is more acceptable [20] . For stabilized CPVC sample, ρ-relaxation can be related to the multiple phases which come from the channel cluster formation within the sample [18, 19] . The second process, α'-relaxation, is observed at 80 kHz. The process has been reported for PVC [17, 21] but this effect is weak and is not always observed in comparison with the main α-process. It has been found that, α'-process is present in methyl ester form polymer. It represents the cooperative dipole motion of C-O-CF 2 -CF-(CF 3 ). For the present work, α'-relaxation can be assigned to the cooperative dipole motion of CPVC end groups [21] or the segmental motion of branching of CPVC. However, this effect in the present work is very weak for the stabilized CPVC sample. This may refer to the crooslinking formation between maleimide molecules and the π-bond of CPVC main chains. Crosslinking hinders the segmental motion of the branching of CPVC main chins. So, the α' process has little chance to appear.
The third process, α-peak, is obtained at 560 kHz. The peak position of this process shifts towards higher temperature with increasing frequency. This behavior results in the micro-Brownian motion between the polymeric main chains [5] . The peak height of α-relaxation process for stabilized CPVC sample is higher than that obtained for pure component. Also, the shape of α-peak for stabilized sample is broader than that for pure CPVC. This can be assigned to the diminution of the crystallinity of the stabilized CPVC sample, which is caused by the increase of the crosslinking density [5, 20] . However, there is a competitive action of least three factors during the crosslinking:
1) Diminution of the existing physical network due to the hydrogen bonding;
2) Formation of a chemical network; 3) Crosslinking formation inside the amorphous regions. Figures 3(a) and (b) show the temperature dependence of ε' for pure CPVC and that stabilized with 10 wt% of PM at some fixed frequencies. It is clear that, the values of ε' varies slowly with the increase in the temperature up to Tg ≈ 363K. After Tg, the magnitude of ε' increases gradually with further increasing in the temperature. Then, the dipoles of CPVC have sufficient energy, via heating, to orient themselves easily in the direction of the applied filed. So, the chain segments get sufficient thermal energy to speed up its rotational motion. This leads to increase in the polarization of the investigated sample [4, 5] . Moreover, the increase of ε' with the temperature can be assigned to the disentanglement of the It becomes easier due to the temperature induced molecular vibrations whereas at low temperature the chains are tightly packed and strongly held [8] . Figures 4(a) and (b) show the temperature dependence of ε" for pure CPVC and that stabilized with 10 wt% of PM at some fixed frequencies. It is observed that, ε" for both pure and stabilized CPVC sample undergoes α-relaxation process. The peak of this process for pure and stabilized CPVC sample was obtained at 405 K and 387 K, at 10 kHz, respectively. Consequentially, the addition 10 wt% of PM to CPVC structure leads to decrease Tg of CPVC by about 27 K. So, one can suggest that, PM molecules increase the free volume within the CPVC structure. In addition, the increment of the free volume lowers the chain-chain interaction within the backbone structure of CPVC. Then, PM molecules may screen the polar groups of CPVC and prevent the formation of polymer-polymer bond. Also, it indicates that PM molecules behave as a plasticizer for CPVC. The plasticization effect was observed earlier for the addition of Cadmium laurate [22] , Gadolinium chloride GdCl 3 [20] and bisphenol A corncobs [21] as stabilizers for PVC. The temperature dependence of the maximum loss peak frequency f max is displayed in Figure 5 . The behavior of f max can be described by Arrheniuss relation [23] :
where f o is constant, k is the Boltzmann's constant and E a is the activation energy. The calculated values of E a for pure and stabilized CPVC sample are 307 "kJ/mol" and 152 "kJ/mol" respectively. The values of E a are disagreement with those reported in literature [4, 20, [24] [25] [26] . This may be assigned to the presence of the micro-inhomogeneities inside the investigated sample [14] . The temperature dependence of Δε for pure CPVC and that stabilized with 10 wt% of PM is displayed in Figure  6 . It is seen that, Δε is proportional to the temperature. This can be attributed to the cooperation that exists between thermal energy and the electric field effects for dipole alignments. The increment of the thermal energy of the C-Cl, C=O, and phenyl groups will tend to enhance the alignment of themselves with the direction of the electric field and therefore the enhancement of Δε will expected.
Electric Modulus Formalism
The complex modulus, M * , formulism is a very important and convenient tool to analyze and interpret the dielectric relaxation of polymeric material [4, 5] . The main advantage of M * formulism is that the electrode polarization effect can be suppressed [27] . As the electrode effect is very important in the system, we have analyzed the dielectric spectrum by M * which can be evolved from the following relations [4.5] : exp ' ' "
" ' "
where M' and M" are the real and the imaginary parts of the dielectric modulus, respectively. The frequency dependence of M' for pure CPVC and that stabilized with 10 wt% of PM at some fixed temperatures is shown in Figures 7(a) and (b) . As the frequency increased M' of all CPVC samples is slightly increased and then reach to approximately constant value. The temperature dependence of M' for pure CPVC and that stabilized with 10 wt% of PM at some fixed frequencies is shown in Figures 8(a) and (b) . It is noticed that, at lower temperatures M' exhibits nearly constant value in the temperature ranges of 310 -360 K and 310 -330 K for pure and stabilized CPVC sample, respectively. This indicates that, the thermal stability of pure CPVC is higher than that obtained for the stabilized one. Moreover, the plasticization effect of PM molecules plays an important role for this process. At higher temperatures, M' for pure and stabilized CPVC samples tends to reach a constant value. This indicates thermally activated nature of the dielectric constant. In addition, the behavior of M' as a function of frequency, Figure 6 , and as a function of temperature, of M" for pure CPVC and that stabilized with 10 wt% of PM at some fixed temperatures. The behavior of M" for all CPVC sample exhibits same trend that obtained for the frequency dependence of ε", Figure 2 . Three peaks ρ-, α'-and the main α-relaxation process were observed for pure CPVC at 20 kHz, 63 kHz, and 400 kHz, respectively. Also, M" of stabilized CPVC exhibits ρ-, α-process at 25 kHz and 1 MHz, respectively. This pattern provides information relating charge transport processes such as mechanism of electrical transport, conductivity relaxation, and ion dynamics as a function of temperature and frequency. The peak position of α-process shifts toward the higher frequency side on increasing the temperature. The low-frequency side of the peak signifies the range of frequency in which ions can perform successful hopping from one site to the neighboring site. The highfrequency side of M" peak represents the range of frequency in which the ions are spatially confined to their potential wells and the ions can make localized motion within the well. The region where the peak occurs is indicative of the transition from long-range to short-range mobility with increase in temperature. This type of behavior of the modulus spectrum is suggestive of a temperature-dependent hopping type mechanism for electrical conduction in the system [28] . The broadening of the peak points out the spread of relaxation with different mean time constants and non-Debye type of relaxation in CPVC. The temperature dependence of M" for pure and that stabilized CPVC sample at some fixed frequencies is shown in Figures 10(a) and (b) . It is noticed that M" for both pure and stabilized sample undergoes the main α-relaxation process at 395 K and 365 K for pure and stabilized CPVC sample, respectively. This is due to the release of frozen-in all of the dipolar groups and their cooperative motion with adjoining segments of the main chains [29] [30] [31] . The relaxation time, τ, has been calculating using the relaxation ω max τ = 1 where ω max is the angular frequency at the peak of M". The temperature dependence of τ for pure and stabilized CPVC is shown in Figure 11 . The variation of τ with temperature follows the Arrhenius Equation [31] :
where τ 0 is constant. The calculated values of E a are 300 "kJ/mol" and 150 "kJ/mol" for pure and stabilized CPVC sample, respectively. On the other side the decrease of Tg for CPVC stabilized CPVC sample can be assign to dienopholic property of PM [9, 10] . This property enables PM molecules to intervene within the conjugated CPVC system. This could be explained by the ability of maleimide molecules to react with the polyenes of CPVC structure to give a Diels-Alder type addition reaction [9, 10, 32] .
Not only Diels-Alder addition type reaction is responsible for the plasticization effect of PM molecules but also is responsible for the reduction of the number of the double bonds of CPVC structure. Consequently, PM molecules have a dual character. The first character is the stabilization effect due to the reducing of the double bonds (π-bond) and the other is the plasticization effect due to the widely spacing between the main chains of the investigated sample. So, the reduction of Tg of CPVC in this case can be assign to weaken of the intermolecular interaction which makes the macromolecules take mainly flexible conformation.
ac Conductivity
The frequency dependence of the conductivity at constant temperature in the amorphous materials is given by [14] :
where σ(ω) is the total conductivity, σ(ο) is the frequency independent conductivity, i.e. σ dc and A is constant. The exponent s is a constant less than one. The frequency dependent or alternating current conductivity is given by ac
Several theoretical models have been proposed to interpret the σ ac for the amorphous semiconductors [20] . It is assumed that, the dielectric loss occurs because of the localized motion of charge carriers within a pair of sites [33] . Two distinct mechanisms have been proposed for relaxation phenomena quantum mechanical tunneling, QMT, of electrons or polarons through the barrier separating localized states and classical hopping over the same barrier. The frequency expo- [33] , it was assumed that single electron motion is responsible. The frequency exponent s in the CBH model can be controlled by [34] :
where W H is the maximum barrier height at infinite separation, which is called the polaron binding energy, i.e., the binding energy of the carrier in its localized sites. According Equation (13) s exponent decreases with increasing temperature. To specify the dominant ac conduction mechanism for pure and stabilized CPVC sample, the frequency dependence of σ ac at some fixed temperatures corresponding to the main α-relaxation process has been considered. Figures 12(a) and (b) illustrates the frequency dependence of ac conductivity ln(σ ac ) for pure CPVC and that stabilized with 10 wt% of PM at some fixed frequencies. It is clear that, σ ac increases with increasing frequency and temperature. The calculated values of s component for all CPVC samples are listed in Table 1 . The data of s exponent reveal that the conduction mechanism for pure CPVC sample is governed by CBH while the predominant conduction mechanism for the stabilized CPVC sample could be QMT.
Conclusion
Addition of phenyl maleimide at 10 wt% to the CPVC causes a reduction of its Tg by about 27 K, due to the plasticization effect of PM molecules. Dielectric losses and electric modulus behavior show three relaxation processes. The first process, ρ-relaxation, was assigned to MWS polarization. The second one, α'-process, was interpreted to the cooperation motion of the segmental motion of the branching of CPVC structure. The third one, α-process, is due to the micro-Brownian motion of the main polymer chain. Finally, electric modulus and ac conductivity of the investigated samples reveal that the CBH is the most probable conduction mechanism for pure CPVC. While the conduction mechanism of the stabilized CPVC sample is QMT.
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